Physical properties of sawdust (i.e. particle size distribution, particle density, porosity, and water retention) from five tropical commercial wood species (Shorea leprosula, Dryobalanops lanceolata, Dipterocarpus cornutus, Shorea laevis, and Eusideroxylon zwageri) as prepared in various mill types (i.e. handsaw, sawmill, and milling) were analyzed. This study aims to look into the relationship and interconnected between the use of different mill types, density of wood species origin and physical properties of the resulting sawdust. Generally, different mill types produced sawdust with different particle size distributions. The use of a handsaw produced a higher proportion of oversized particles (OS) and coarser particle size (CPS) than that of sawmill and milling, while also commonly producing the lowest proportion of fine particle size (FPS). For each wood species, the proportion of OS was lower than that of CPS and FPS. In addition, particle density and water retention produced by handsaw in CPS as well as FPS was the smallest, followed in an increasing order sawmill and milling. Porosity of CPS and FPS was the highest in handsaw-cut sawdust, followed in a decreasing order sawmill and milling cut sawdust. This study showed that the different mill types and particle size influenced the physical properties of sawdust. Further, analysis of influential factors on porosity and water retention using General Linear Model revealed that particle density inflicted a strong influence on porosity, as did particle size on water retention.
I. INTRODUCTION
Sawdust refers to the tiny-sized and powdery wood waste produced by the sawing of wood. The size of sawdust particles depends on the kinds of wood from which the sawdust is obtained and also on the size of the saw teeth (Afuwape, 1983) . About 10-13% of the total volume of the wood log is reduced to sawdust in milling operations; this sawdust generally depends largely on the average width of the saw kern and the thickness of the timber sawed (Paulrud et al., 2002) . Generally, utilization of the generated tropical commercial wood sawdust becomes an urgent problem since alternative to clean with by just employing the so-called conventional incineration may produce environmentally hazardous pollutants such as polychlorinated dibenzo-dioxins and dibenzo-furans (Terazawa, 2003; Frombo et al., 2009 ). In addition, sawdust being essentially a ligno-cellulosic material, is not easily deteriorated but rather stable on recalcitrant in the environment, and rarely produces odor during its long-term biodegradation process Zavala et al., 2005) .
In the field of compost science, sawdust has been referred to not only as a bulking agent but also as biomass material for the manufacture of woody compost Zavala et al., 2004) . The benefits of using sawdust as a woody biomass in compost manufacture are its favorable physical properties such as low apparent specific gravity (density), high porosity, high water retention, moderate water drainage, high bacteria tolerance, and biodegradability at an acceptable rate; in this way sawdust-composting process can then be enhanced (Kitsui and Terazawa, 1999) . Physical properties of sawdust can also be modified by combining the sawdust particles of various sizes in particular proportion (Houghton et al., 2002; Agnew and Leonard, 2003; Dikinya et al., 2006) . This modification creates an ideal environment to remove moisture from sawdust waste efficiently, and also for aerobic bacteria to thrive and decompose waste effectively into carbon dioxide and water without generating odor . Improvement of our knowledge about the physical properties of sawdust signifies the first step for its rational utilization.
Regarding the utilization of woody biomass into compost, it is important to pay attention to its physical properties due to the fact that kinds of raw materials, the mill type, and the type of sieve affect these properties (Himmel et al., 1985) . In order to produce the most efficient physical properties of the sawdust, simple characterization methods should be developed. This study was carried out to determine such appropriate physical properties including particle size distribution, particle density, porosity and water retention of sawdust accounting for different mill types and sizes of sawdust particle. With this in mind, variations in physical properties of sawdust were examined according to different mill types by taking into consideration five wood species of different densities. Sawdust samples as prepared from five tropical commercial wood species, i.e.meranti merah (Shorea leprosula), kapur (Dryobalanops lanceolata), keruing (Dipterocarpus cornutus), bangkirai (Shorea laevis) and ulin (Eusideroxylon zwageri) were collected directly from wood industries situated in East Kalimantan, Indonesia. These species were selected because they are regarded representative of species available on a commercial basis and also potentially abundant in the production forest in East Kalimantan (MFoR, 2007) . We analyzed whether mill types and variation in sawdust particle size could reflects its physical properties.
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II. MATERIALS AND METHODS
A. Raw Materials
Commercial woods used as raw materials were obtained from five tropical tree species (i.e. S. leprosula, D. lanceolata, D. cornutus, S. laevis and E. zwageri) , and their varying wood densities (without bark at a moisture content of 7-16%) were determined in a dimension measuring 5´5´5 cm (green condition). It was expressed as green mass over green volume (g cm -3 ) in accordance with Johnson et al. (2003) , as presented in Table 1 . 
B. Sawdust Preparations
Sawdust was produced by sawing each wood species (Table 1) using three different mill types, i.e. handsaw machine (type D126 HITACHI, made in Japan) with circular saw knife thickness of about 3.8 mm, sawmill (type JB 3074-82, made in Taiwan) with circular saw knife thickness of 3 mm, and milling machine (type CE TUV, made in Germany) with thickness of band saw size of 2 mm.
C. Sieve Analysis for the Particle Size Distribution
For each mill, the resulting sawdust was classified in its particle size distribution into three fractional sizes: i.e. oversized, coarse and fine using the sieving machine called "Fritcsh" (made in Germany). The classification, which was consistent with oversized (OS) was used for particle size < 24 mesh (>710 µm), coarse particle size (CPS) for particle size 24-60 mesh (350-710 µm), and fine particle size (FPS) for 60-80 mesh (177-350 µm) . In accordance with the objective of this study, the proportions of OS, CPS and FPS were determined by weight, and further OS particles were excluded, due to being the lowest in proportion, and with a high variation in their size.
D. Particle Density
Particle density of the sawdust was determined by the methods employed by Araki and Terazawa (2004) and Rühlmann et al. (2006) . It was calculated by adding the sawdust (=100 cm 3 ) into a graduated volumetric cylinder to reach the marked 100 cm 3 volume (Vo), and its weight (g) could then be known by subtracting the combined weight of sawdust and volumetric cylinder (Wb) with the weight of empty volumetric cylinder (Wa) alone. The sawdust -particle density could then be calculated using the formula: 
E. Porosity
Porosity of sawdust can be defined as a measure of void volume of sawdust grains, composed principally of inter-spaces among and intra-spaces within the particles (Agnew and Leonard, 2003; Bouma et al., 2003a) , or the percentage of sawdust volume occupied by air and water that filled voids (Baker et al., 1998) . The percentage of porosity was determined by Horisawa et al. (1999) 's method. Sawdust with apparent volume of 100 cm 3 and known weight (Ws in grams) was at first placed in a volumetric cylinder. Tap water was then poured gently into it until the surface of water reached a marked line at the 100 cm 3 level. A meshed top as a stopper was equipped at the 100 cm 3 level so that the sawdust, mostly floating on water, would not go beyond its surface. Porosity was expressed as the following formula: 
... (2)
where Va and Vo are consentively the volume of poured water (cm 3 ) together with the water in the sawdust, and the volume of sawdust (=100 cm 3 ) respectively. The volume of poured water, with the water in the sawdust could be calculated using the formula: where Wcomb is the combined weight (grams) of volumetric cylinder, sawdust particle, and poured water (gram); Ws is the weight (gram) of sawdust particles (oven-dry weight equivalent), and Wvs is the weight (grams) of volumetric cylinder. Note that the density of tap water was assumed to be a unity (1 gram cm -3
).
F. Water Retention
In compost science, water retention is defined as the ability of compost to hold water for a period that is longer than infiltration, or the ability of compost to hold and retain water (Agnew and Leonard, 2003; Bouma et al., 2003b) . This definition is also applied to the sawdust, since it is related to the compost items. The percentage of water retention was determined by Horisawa et al (1999) 's method. A glass column (inner diameter 50 mm) equipped with a faucet at its bottom part was packed with 100 cm 3 apparent [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] volume of sawdust, and the faucet was closed. A hundred milliliters of water was poured in gently. Ten minutes later, the faucet was opened to drain the water gravimetrically until no more drainage of water was observed. Water retention was expressed as follows: ).
G. Statistical Analysis
To determine which sawdust characteristics inflicted influence the most on its porosity and water retentions a generalized linear model (GLM) was performed, taking different mill types, particle size classes, wood density that represent wood species, and particle densities as explanatory variables elaboration sawdust characteristics. The porosity and water retention of the sawdust were regarded as dependent variables for each wood species. The replication was done six times. Analysis for the GLM test was conducted using JMP 7.0.1 (SAS Institute Inc, 2007).
III. RESULTS AND DISCUSSION
A. Particle Size Distribution
The particle size distributions of sawdust produced by three different mills generally showed almost a similar pattern with input to proportion of particle size distribution regardless of wood species (Figure 1 ). The proportion of OS was lower than that of CPS and FPS regardless tree species (Figure 1 ) or wood density (Table 1) . However, comparing the proportions of particle size distribution for each mill within tree species revealed a different pattern. The average of particle size distribution with ± standard deviation (SD) combined for all sawdust samples from five different wood densities showed that particle size distribution of CPS produced by handsaw was 60.4 + 2.6%, which was the highest, followed in a decreasing order by sawmill (52.6 + 1.5%) and by milling (25.6 + 2.1%). Consequently, this pattern affects the proportion of particle size in other classes, e.g. FPS. The proportion of particle size distribution in FPS produced by handsaw was the smallest (30.0 + 1.2%), followed in an increasing order by sawmill (37.2 + 1.3%) and by milling (71.8 + 1.9%) (Figure 1 ). It can be concluded that the mill types influenced particle size distribution (OS, CPS, and FPS). A similar pattern was reported by Paulrud et al. (2002) and Bergström et al. (2008) which stated that particle size distribution has been associated with the size of sawdust and the mill types that are used for producing sawdust. Moreover, Himmel et al. (1985) and Houghton (2002) reported that the size of knife used will affect particle size distribution, and that increasing the size of knife had also been associated with larger particle size. In this study, the handsaw with the thickest knife (3.8 mm) followed in a decreasing order by sawmill (3 mm) and by milling (2 mm) produced proportion of CPS higher than that of sawmill and milling. Thus it is logical that particle size distribution of sawdust samples (OS, CPS, and FPS) which are processed by a different mills and knife sizes appears to be more consistent with input to the proportion of OS, CPS, and FPS among different wood species with their varying density (Figure 1 and Table 1 ). 
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B. Particle Density
A comparison result of particle density among different mills showed a similar pattern for each wood species with the particle density produced by handsaw was the smallest both in CPS and in FPS, followed in an increasing order by sawmill and by milling (Figures 2a,b) . Combining the value of particle density for all sawdust from five different wood species in each different mill showed that the average ± SD of the particle density produced by handsaw (CPS = 0.22 + 0.02 g cm -3 ; FPS = 0.25 + 0.07 g cm -3 ) was smaller than that by sawmill (CPS = 0.23 + 0.07 g cm -3 ; FPS = 0.25 + 0.06 g cm -3 ) and by milling (CPS = 0.25 + 0.06 g cm -3 ; FPS = 0.32 + 0.11 g cm -3 ) (Figure 2 ). This pattern is probably due to variation in knife size accounted on each mill. Milling with the smallest size of knife produced a finer particle size sawdust than sawmill and handsaw both with greater knife size. This study also demonstrated the strong effect of wood density and particle size classes on particle density of sawdust. It can be seen in Figure 2 , that both CPS and FPS for all different mill types showed that S. leprosula, with the lowest wood density (0.51 + 0.02 g cm -3 ) that produce sawdust with the smallest particle density, while E. zwageri, with the highest wood density (1.20 + 0.05
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20-32 g cm -3 ) afforded the highest particle density of its corresponding sawdust (Table 1, Figure  2 ). The patterns of wood density differences corresponded well to those of particle density. High wood density tended to produce sawdust with higher particle density, this occurred to CPS as well as FPS (Figures 2a, b) . This pattern could be explained by hypothesizing that high wood density will influence the average sawdust weight. In another case, but still related with a relatively larger particle size of CPS, tended to have a relatively lower particle density than that of FPS (Figures 2a, b) . This is because the large-size particles (CPS) are less likely to pack together, and therefore provide air space more readily, thereby lowering their particle density and vice versa for the smaller-size particle (FPS). This situation applied to all sawdust from the five different wood species. A previous study by Coudray et al. (2009) supported this result during measurement of fine aerosol fraction from wood, where the particle densities decreased consistently with the increase in particle size. Although it has been generally accepted that wood density influences particle density, this study shows that different mill and particle size classes also influence particle density for each tree species. Figure 2. Particle density (g cm -3 ) of sawdust samples from five tropical wood species using different mill types and elaborated by particle size classes: CPS (a), and FPS (b). The density of wood species origin refers to Table 1.
C. Porosity
Analysis of variance (GLM) revealed that all the variables tested, i.e. mill types, particle size, wood density, and sawdust's particle density significantly affected the porosity (Table 2) . Further, a comparison of porosity patterns between different mills for each tree species showed slight differences in CPS as well as in FPS. Related with such combining the value of porosity for all tree species showed that the average porosity of sawdust particle (CPS and FPS) produced by handsaw (CPS = 77.4 + 7.5%; FPS = 74.7 + 7.4%) was higher than that by sawmill (CPS = 76.2 + 6.6%; FPS = 73.1 + 6.5%) and by milling (CPS = 73.9 + 4.2%; FPS = 71.0 + 4.1%) (Figure 3) . The possible explanation is that the sizes of knife for handsaw, sawmill, and mills are in decreasing order, i.e. 3.8 mm, 3.0 mm, and 2.0 mm, respectively. As described before the larger knife size, then the larger particle size, thereby inflicting the greater porosity in the corresponding sawdust particle, and vice versa for the smaller knife size. This situation occurred to CPS as well as FPS (Figures 3a, b) . In addition, a comparison between wood species for all different mills in porosity showed that S. leprosula with the lowest wood density and sawdust's particle density, was the highest in porosity, while E. zwageri, with the highest wood and sawdust's particle density was the lowest in porosity (Table1, Figure 3 ). Since particle density is influenced by wood density (Table 1, Figure 2 ), an increase of wood density in tropical wood species has been associated with either an increase of sawdust's particle density or a decreased volume of sawdust's pores. In addition, the pore presence in wood species origin with greater density is usually less abundant than that with lower density, and vice versa. Thus it is logical that sawdust with high wood density tends to have low porosity. Further, the porosity of CPS's sawdust for each species was greater than that of FPS's sawdust (Figures 3a, b) . It can then be understood that, as described earlier, the CPS tends to have more air space (inter space among particles than FPS's sawdust). 
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Porosity (%) Figure 3 . Porosity (%) of sawdust samples from five tropical wood using different mill types and specified by particle size classes: CPS (a), and FPS (b).
D. Water Retention
Analysis of variance using GLM revealed that mill types did not significantly affect both water retention and sawdust's particle density (Table 2) . However, water retention was significantly affected by sawdust's particle density (P < 1%), and by wood density (P < 5%). Comparisons of water retention percentages of CPS to those of FPS generally showed a similar pattern for each mill type. Combining the value of water retention for different wood species showed that the water retention of sawdust in CPS as well as in FPS that were produced by handsaw was smaller (CPS = 33.1 + 8.9 %; FPS = 68.7 + 5.6%) than that of by sawmill (CPS = 38.7 + 8.7%; FPS = 71.2 + 5.3%) and by milling (CPS = 42.9 + 9.6%; FPS = 75.1 + 4.0%) (Figure 4 ). This situation relates to [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] the fact the particle density size of sawdust produced by handsaw was greater than that by consecutively sawmill and milling. Further, interestingly, the value of water retention in CPS was significantly lower than that of FPS for all wood species in each mill type (Figure 4) . The scatter panel of water retention on which CPS and FPS are plotted shows the distribution of water retention values for all different mill types and wood species in CPS was smaller than that in FPS. This figure again indicated that the differences in particle size between CPS and FPS have a strong influence on water retention. This study has demonstrated that smaller particle size in FPS than that of CPS leads to increased high values of water retention in FPS. This may be due to the fact the decrease in particle size of sawdust (i.e. FPS) brought out the increase in their surface area, thereby enhancing the adhesion between particles and water mass and hence augmenting water retention. The situation would be on the contrary for the larger-particle sawdust (CPS). Figures  4a and 4b show the degree of influence regarding the different particle size classes (CPS and FPS) on water retention. A previous study on the influence of particle size in soil and compost reported that particle size has strong influence on water retention; smaller particle size tends to keep higher water attraction than larger particle size (Hwang et al., 2002; Agnew and Leonard, 2003; Dikinya et al., 2006) . 
E. Influential Factors on Porosity and Water Retention
In porosity, particle density had a strong influence (F-test = 13.21, P-value = 0.0013) while the mill type, particle size classes and wood density had a lower degree of significance on variation in porosity (Table 2 ). It is assumed that this pattern caused by particle density may be ascribed to the inter-space among and intra-space within particles (e.g. wood pores and wood species). Sawdust with low porosity may be due to high particle density or conversely it can be assumed that sawdust with low particle density will be high in porosity. Onto water retention, only particle size classes showed significant influence (F-test = 117.58, P-value < 0.001), while wood density was marginal (F-test = 4.11, P-value = 0.05) and the influence of different mill types and particle density was negligible (Table 2) .
IV. CONCLUSION
The use of mills with larger knife sizes (in decreasing order from the largest; handsaw, sawmill, and mill) tends to produce sawdust with greater proportion of larger particle size (in decreasing order OS, CPS, and FPS); and vice versa for the smaller knife size. Wood species with greater density produced sawdust with greater particle density as well. Meanwhile, the particle density of FPS tends to be larger than that of CPS. Sawdust with greater particle density and greater density of wood origin tends to exert low porosity and low water retention and vice versa. Further, sawdust with larger particle size (CPS) afforded less-intensity and lower water retention. Furthermore, the porosity and water retention of CPS is less than those of FPS. Smaller particle size will retain more water than larger particle size, therefore, a decrease in particle size will increase particle adhesion of sawdust. It can, therefore, be concluded that particle density essentially influences porosity, and particle size influences water retentions.
